Abstract. Several new correlation-regression models of weight calculation for small-scale aircraft gas turbine engines are proposed for their conceptual design stage. A comparison of the obtained weight models with each other and with the Kuz'michev model is carried out. Based on the obtained results, conclusions about the feasibility and scope of their application are drawn. New correlation-regression models differ from each other in the number of input parameters, as well as in the accuracy of forecasting the weight. In the course of the work, a database of main data and thermodynamic parameters of turbofan engines (TFE) is created consisting of 92 small-scale TFEs with thrust less than 50 kN. Based on the collected statistics, formulas were obtained that allow calculating the weight at the initial stage of engine design. The error in calculating the weight by these models is in range from 10% to 30%.
Introduction
In general, weight estimation of gas turbine engine (GTE) is required at the initial design stages to calculate its technical and economic efficiency and to optimize its parameters. The future of the project depends to a large extent on the results of the conceptual design. At later stages of the design, it is possible to use component models for calculating weight, and it is also possible to estimate the weight based on layout drawings, which, however, cannot be done at the conceptual design stage due to insufficient information on the project. In this regard, correlation-regression models of weight are used at the initial stages of the design that are based on the statistical data of manufactured gas turbine engines. The accuracy of such models depends on the number of the engines involved in the statistics, the number of parameters used for calculation and the size of the engine.
At present, small-scale gas-turbine engines are widely used. These engines are used for light aircraft, unmanned aerial vehicles, cruise missiles, as auxiliary power units, and in the long term they are considered as a part of distributed power units. The prospect of this trend requires careful research, in particular the creation of as much as possible more accurate mathematical models of weight, as well as the refinement of existing ones. A large influence on the accuracy of the weight calculation has the dimension of the gas turbine engine: an increase in the calculation error is observed for small-scale engines. This is due primarily to the fact that the small-scale GTE has a larger proportion of aggregates and this is difficult to consider parametrically, and due to the lack of statistics for small-scale turbojet engines. The relevance of the work is due to the need to develop methods for the optimal design of small-scale gas turbine engines.
The purpose of this work is to develop new models of weight calculation for the initial stages of designing small-scale gas turbine engines, as well as in assessing the accuracy of the models obtained and determining the possibility of their further application.
Weight models
The development of new models is carried out in several stages. At the first stage, the initial data were searched and prepared. The accuracy of the models being developed largely depends on the reliability of the information about the engine parameters collected at this stage.
The second stage of developing the model included 4 steps:
1. Selection of model input parameters; 2. Definition of the general form of the model; 3. Calculation of the statistical coefficients of the model;
4. Determination of statistical estimates of the model. At the final stage, the results are analyzed and corresponding conclusions on the applicability of the model are drawn.
Search for initial data and their preparation
To create a new model for the weight calculation, a database is compiled that include the main parameters of 92 gas turbine engines with thrust less than 50 kN. It is impossible to find a part of the parameters for the weight calculation in open publications, so different models use a different number of engines to calculate the weight, depending on the number of input parameters. Statistics are made up of various types of turbojet and turbofan engines for both military and civil aviation.
The search for the initial data is carried out based on the analysis of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It can be seen from Table 1 that the range of variation of the workflow parameters for the 92 engines is quite wide. The results of the analysis of the weight models will be valid for most modern small-scale turbofan engines, since their parameters fit into this range. Regularization was carried out using the developed at the Samara National Research University software "ASTRA" [13] [14] [15] as task of minimization of discrepancies between the published and calculated values (e.g. SFC, thrust, air mass flow rate, etc.), while the efficiency ratios, losses coefficients and other parameters with unknown values were optimizable variables.
Creating a weight model
Based on the collected statistical data, 4 new models were proposed for calculating the weight of small-scale TFE. They differ from each other in the accuracy of the calculation, the number of parameters and the complexity. Later on, the obtained models are compared and conclusions on the field of their application are made.
Weight model No. 1
The first weight model is obtained by approximating the statistical data on the engine weight, depending on the total air mass flow rate through the engine. A power function is chosen that most accurately describes the statistical data.
The expression for calculating the weight of a gas turbine engine according to model No. 1 has the following form:
This model involves statistics on 88 TFEs. The rootmean-square deviation is 25.5%.
Weight model No. 2
The second model is also an approximation, but in this case by the value of thrust. The formula for calculating the weight of the engine is as follows:
The coefficients of the approximating function are determined based on the 92 gas turbine engines. The value of the relative root-mean-square deviation for this model is 18.6%.
Weight model No. 3
The third model is a product of power functions of the main engine parameters: engine thrust, the total pressure ratio and bypass ratio. The exponents are determined based on the collected statistics. The formula for calculating the weight for this model is as follows:
This model involves 77 TFEs. The value of the relative root-mean-square deviation of this model is 13.4%.
Weight model No. 4
The fourth model uses the total air mass flow rate, the pressure ratio, the gas temperature in front of the turbine, and bypass ratio to calculate the weight. Thus, this model uses the largest number of input parameters among all the proposed models. The formula for calculating the weight of a gas turbine engine according to this model is as follows: 
G ୟஊ୲ି୭ -total air mass flow rate through the engine; S 6 -the total pressure ratio of the compressor; m -bypass ratio; T ସ ‫כ‬ -gas temperature in front of turbine. The formula consists of two terms. The first term describes the weight of the core engine, and the second describes the weight of bypass duct.
The statistical coefficients are calculated in relation to TFE.
The basis for this model is 57 TFE. The value of the relative mean-quadratic deviation for this model is 10.1%.
Kuz'michev model
The Kuz'michev weight model depends on five parameters of the gas turbine engine:
In general, the model has the following form: The values of the coefficients B, k1, k2 are determined based on the collected statistical data on small-scale GTEs. The total number of engines including in the statistics is 52. The values of the coefficients B, k1, k2 are given in Table 2 . 
Analysis of the results
The accuracy of the model is characterized by the magnitude of the relative deviation of the calculated value of the engine weight from its real value. It is believed that statistical models have satisfactory accuracy, if the average error is not more than 10-15% [5] . For the models proposed in this paper, their accuracy LV HVWLPDWHG E\ IRXU PDLQ IDFWRUV VWDQGDUG GHYLDWLRQ ı average relative approximation error (A), correlation coefficient (r) and Fisher test ( F ୲ୟୠ୪ୣ /F ୡୟ୪ୡ୳୪ୟ୲ୣୢ )) ( Table 3) . The model, which depends on the total air mass flow rate through the fan, has the highest standard deviation. This is due to the fact that the model has only one input parameter and does not take into account, therefore, all factors affecting the weight of the GTE.
The approximation model by the engine thrust has a standard deviation less than model No. 1. The reason for the reduction in the root-mean-square deviation is that the thrust most fully characterizes the working process of the engine, since it has a unique dependence on all engine parameters. In particular, engine thrust takes into account the value of the total air mass flow rate through the engine.
Accuracy of weight calculation is raised for model No. 3, concerning models No. 1 and No. 2, due to increase in quantity of input parameters. Kuz'michev model uses more input parameters than all models considered above.
Based on the obtained results, the following conclusions can be drawn:
At the stage of the conceptual GTE design, models No. 4 and Kuz'michev model are most preferable.
Models No. 1, No. 2 and No. 3 should be used for preliminary estimation of the weight of the propulsion engine when designing an aircraft.
The charts of the deviation of the actual value of the weight from the calculated value are plotted (Figures 2-6 ).
Conclusion
As a result of the research, a database of parameters for small-scale turbofan engines are created, on the basis of which four correlation-regression mathematical models are developed to calculate the weight of engines. For some engines, information about the parameters of the workflow is not incomplete. Often there are no parameters such as the gas temperature in front of the turbine and the total pressure ratio. This circumstance imposes additional restrictions when creating new weight models. The number of input parameters of the model characterizes its complexity and design stage, in which the model allows to calculate the weight. The choice of the working process parameters used in the models is made in such a way as to uniquely determine the nature of the change in the weight of the entire engine. The application of models with one input parameter enabled the use of most of the engines in statistics. For model No. 1, using the total air mass flow rate as an input parameter, the relative mean-square deviation is 25.5%. For model No. 2, with the thrust as input parameter, this value is 18.6%. These models can be used for preliminary estimation of the weight of the engine in the design of an aircraft. 
